Fibronectin (FN) is an adhesive extracellular matrix component that is essential for vertebrate development. It forms a ®brillar matrix at the cell surface which controls cell morphology, migration, proliferation, and other important cellular processes. To address speci®c functions of FN matrix structure during early vertebrate development, we introduced normal and mutant recombinant FNs (recFNs) into the blastocoel cavity of embryos of the amphibian Pleurodeles waltl. Here we show that a native recFN FN(A2B2) as well as recFNs with speci®c mutations in the cell-binding domain, FN(RGD2) and FN(syn2), or in a FN-binding region, FNDIII 1 , are assembled into ®brillar matrix. A recFN (FNDIII 1±7 ) that forms a structurally distinct matrix in cultured cells was assembled into aggregates at the cell periphery and was able to inhibit assembly of endogenous amphibian FN matrix in a dose-dependent manner. Cell adhesion, spreading, and migration were perturbed in vitro and in vivo on chimeric matrices containing FN(RGD2), FN(syn2), or FNDIII 1±7 co-assembled with amphibian FN. Developmentally, this perturbation resulted in defects in mesoderm patterning and inhibition of gastrulation. These results indicate that FN matrix ®brillar structure and composition are important determinants of cell adhesion and migration during development. q
Introduction
Fibronectin (FN) plays a major role in cell adhesion, migration, cytoskeletal organization, apoptosis, tissue remodeling, and morphogenesis (Hynes, 1990; Miyamoto et al., 1998) . FN is a large dimeric glycoprotein of 250 kDa subunits consisting of three repeated motifs known as type I, II, and III. The repeats are assembled into domains, which have distinct binding activities for collagen, ®brin, heparan sulfate, integrin cell surface receptors, and FN itself. Adherent cells continuously produce FN and assemble it into a ®brillar extracellular matrix (ECM). This ®brillar network is formed in a cell-mediated process that requires binding to integrins, homophilic FN interactions, ®bril elongation, and association with other extracellular molecules (Mosher et al., 1992; Schwarzbauer and Sechler, 1999) . Several FN domains are essential for assembly including the aminoterminal 27 kDa, the carboxy-terminal cysteines for dimer formation, and the central cell-binding domain containing the RGD integrin-binding sequence and the synergy site (McKeown-Longo and Mosher, 1985; McDonald et al., 1987; Schwarzbauer, 1991; Sechler et al., 1996 Sechler et al., , 1997 . The ®rst type III repeats are not essential for assembly but play a regulatory role (Sechler et al., 1996) . In their absence, matrix architecture differs from native FN ®bril structure.
In vertebrate development, proper assembly of FN into extracellular ®brils is crucial especially in adhesion and migration of mesodermal, neural crest and primordial germ cells (Hynes, 1990; DeSimone, 1994; Wylie, 1999) . In amphibians, the FN-containing ECM regulates cell motility and migration (Boucaut et al., 1984; Winklbauer, 1990; Howard et al., 1992; DeSimone, 1994) . It also contains guidance cues for directional mesodermal cell migration (Shi et al., 1989; Winklbauer and Nagel, 1991; Nagel and Winklbauer, 1999) and information for left±right axis determination (Yost, 1995) . At the onset of gastrulation, the embryo is spherical and contains a cavity in the animal hemisphere, called the blastocoel, which is delimited by cells forming the blastocoel roof. In Pleurodeles embryos, the blastocoel roof contains two types of tissues interacting with the FN matrix. First, in the upper part of the animal hemisphere, called the animal cap, cells are epithelial and elaborate a network of FN ®brils lining their basal surface (Boucaut and Darribe Áre, 1983) . Second, in the lower part of the animal hemisphere, cells of the marginal zone involute and ingress into the interior of the embryo where they actively migrate on the blastocoel roof using FN ®brils as substratum (Boucaut et al., 1984) . Since ectodermal cells elaborate the network of FN ®brils and dorsal mesodermal cells migrate on it to form the head, axial, para-axial and ventral mesoderm, it is important to know how FN ®brils form and contribute to the different adhesive behaviors of these cells.
FN has been shown to be essential for normal development and mouse embryos lacking this protein die shortly after gastrulation from mesodermal defects (George et al., 1993) . The mechanisms that underlie this lethality could involve defects in matrix architecture, absence of FN-speci®c signals, or changes in matrix composition due to the lack of a major component. These possibilities can be distinguished by studying the FN matrix-mediated events that occur during early development of the amphibian Pleurodeles. Previous studies have shown that exogenous human FN introduced into the blastocoel cavity can be incorporated along with amphibian FN into the blastocoel roof matrix. Microinjection of anti-FN or anti-integrin antibodies, FN fragments, or RGD peptides were able to perturb FN ®bril-logenesis and subsequent development stages (Darribe Áre et al., , 1992 Winklbauer and Stoltz, 1995; Ramos and DeSimone, 1996) .
In this report, we have examined the capacity of recFNs containing mutations in matrix assembly or cell-binding domains to promote ®brillogenesis on the blastocoel roof of Pleurodeles embryos. Analysis of functions of the chimeric matrices formed by co-assembly of endogenous and recFNs shows that normal attachment and migration of amphibian mesodermal cells is dependent on the structure and composition of the FN matrix.
Results

Assembly of rat FN in vivo
We have previously shown, using human FN, that exogenous FN introduced into the blastocoel of living amphibian embryos is assembled into ®brils providing a useful in vivo system to study the role of FN matrix assembly in development (Darribe Áre et al., , 1992 . In order to assess this system with FN of another origin, we ®rst con®rmed the assembly of exogenous FN into ®brils using rat FN isolated from plasma (pFN). Rat pFN was injected into the blastocoel of Pleurodeles waltl early blastulae and ®bril formation was followed using a rat-speci®c monoclonal antibody (mAb IC3) which does not cross react with Pleurodeles FN. As for human FN, ®brils appeared ®rst at the periphery of cells of the blastocoel roof and progressively assembled into anastomozed ®brils (Fig. 1A,B) . Therefore, the roles of various rat recFN domains in ®bril formation can be analyzed using this system.
FNs lacking the RGD or synergy sequences are assembled into a Pleurodeles matrix
Normal or mutant recFNs were expressed using the baculovirus insect cell expression system. FN(A2B2) lacks the Fig. 1 . Qualitative and quantitative analysis of recFN ®bril formation. Rat pFN, FN(A2B2), FN(RGD2), or FN(syn2) at 0.6 mg/ml (120 ng/ embryo) were injected into the blastocoel of stage 5 embryos and the blastocoel roof was dissected and stained with the anti-rat FN mAb IC3 after incubation for either 6 (A,C±E) or 24 h (B). Rat pFN (A,B), FN(A2B2) (C), FN(syn2) (D), and FN(RGD2) (E) were each assembled into ®brils on the blastocoel roof. (F) At 4, 6, 18 or 24 h of incubation after injection of recFNs, blastocoel roofs were dissected and immunodetection of FN was performed using mAb IC3. Rat pFN ®bril formation was quanti®ed by counting FN ®brils (excluding¯uorescent dots or aggregates) in an area corresponding to ®ve adjacent cells at stage 7. GRGDS or GRGESP peptides at 200 mg/ml were co-injected with recFNs in some experiments. Blastocoel roof matrix from embryos injected with CAPS buffer alone was used to control for non-speci®c immuno¯uorescence staining. Data from three experiments were pooled. Bar, 5 mm.
alternatively spliced segments EIIIA and EIIIB (Fig. 2) and behaves equivalently to pFN in matrix assembly (Sechler et al., 1996) . FN(RGD2) and FN(syn2) have mutations at the RGD cell-binding sequence in repeat III 10 or the synergy site in repeat III 9 , respectively. FNDIII 1±7 and FNDIII 1 lack the indicated type III repeats. Behavior in matrix assembly by cultured cells has been described for each of these recombinant proteins (Schwarzbauer, 1991; Sechler et al., 1996 Sechler et al., , 1997 Sechler et al., , 1998 . FNDIII 1 forms a matrix that is indistinguishable from native FN (Sechler et al., 1998) . FN(RGD2) and FN(syn2) are defective in their abilities to assemble significant amounts of matrix de novo, but both are capable of ef®cient co-assembly with native FN (Schwarzbauer, 1991; Sechler et al., 1996 Sechler et al., , 1997 . FNDIII 1±7 forms a ®brillar matrix similar to native FN but assembly follows a different temporal program (Sechler et al., 1996) .
RecFNs were injected individually into the blastocoel of early blastulae and their assembly was analyzed by immuno¯uorescence on whole mounts of the blastocoel roof using mAb IC3. FN(A2B2) (Fig. 1C) , FN(syn2) (Fig.  1D ), and FN(RGD2) (Fig. 1E) were each assembled into ®brils on the blastocoel roof. Fibril formation was quanti®ed by counting the number of ®brils in a given cell area and these data show that FN(RGD2) and FN(syn2) are ef®-ciently incorporated into a ®brillar matrix (Fig. 1F) . It is known that FN matrix formation involves RGD±integrin interactions in amphibians (Darribe Áre et al., , 1992 Winklbauer and Stoltz, 1995) and the RGD sequence is required for matrix initiation in cultured cells (Sechler et al., 1996) . However, FN(RGD2) can co-assemble with native FN in SVT2 ®broblasts (Schwarzbauer, 1991) and CHO cells (Sechler et al., 1996) . Double-label immunouorescence revealed co-alignment of endogenous amphibian FN and exogenous recFN ®brils (Fig. 3) , indicating a role for amphibian FN in the in vivo assembly of these proteins. Further evidence for co-assembly was obtained by co-injection of FN(RGD2) with GRGDS peptide or GRGES control peptide. GRGDS peptide inhibited FN(RGD2) ®bril formation, whereas GRGES had no effect (Fig. 1F) , showing that assembly of exogenous FN lacking the cell-binding site is dependent on the RGD-mediated interactions of the endogenous FN. Together, these results demonstrate that rat FNs lacking the RGD or synergy sequences are able to form ®brils with the same time-dependent pattern as the endogenous FN. The mutant FNs are coaligned with endogenous FN without affecting the ®brillar architecture of the matrix and provide a chimeric matrix rich in FN lacking either RGD or synergy sites.
FND III 1±7 perturbs FN ®bril elongation
The ®rst type III repeats have been implicated in FN matrix assembly. Monoclonal antibodies against I 9 and III 1 repeats perturb FN ®bril formation (Chernousov et al., 1987; Darribe Áre et al., 1992) . Deletion of the ®rst seven type III repeats alters the progression of FN assembly (Sechler et al., 1996) . Within this region, repeats III 1 and III 2 participate in FN±FN interactions (Chernousov et al., 1991; Morla and Fig. 2 . Domain organization of recFNs. FN(A 2 B 2 ) composed of type I (rectangles), II (dark ovals), and III (gray circles) repeats plus the entire V region is shown at the top. This recFN is structurally equivalent to FN produced by ®broblasts. Repeats comprise domains for binding to cells, FN, heparin, and ®brin. The amino-terminal repeats I 1±5 and the carboxy-terminal cysteines for dimerization (SS) are required for FN ®bril assembly (Mosher et al., 1992) . Alternatively spliced repeats EIIIA (A) and EIIIB (B) are not present in these recFNs. Other recFNs used in this study are drawn below with deletions or mutations of individual repeats or sets of repeats as indicated. The RGDS deletion in FN(RGD 2 ) and the synergy site mutation in FN(syn 2 ) are indicated by arrows on repeats III 10 and III 9 , respectively. Ruoslahti, 1992; Aguirre et al., 1994; Hocking et al., 1994; Ingham et al., 1997) . In order to analyze more closely the involvement of these domains, FNDIII 1±7 and FNDIII 1 were tested for their ability to form FN ®brils in vivo.
FNDIII 1±7 perturbed both exogenous and endogenous FN ®bril formation in a dose-dependent manner (Fig. 4) . When micro-injected at 0.95 mg/ml, thin ®brils containing FNDIII 1±7 were observed by immuno¯uorescence 18 h later (Fig. 4A ). Aggregates of¯uorescence detected with mAb IC3 were also seen. Micro-injection at a higher concentration (3.8 mg/ml) gave fewer ®brils and larger protein aggregates ( (Fig. 4C,D) . Therefore, in the absence of III 1±7 repeats, both exogenous and endogenous FN assembled into cell surface-associated multimers in a dose-dependent manner. The shift from ®brils to aggregates ®ts with the previously reported regulatory effect of these repeats in FN ®bril assembly by cultured cells (Sechler et al., 1996) .
A monoclonal antibody against an epitope in repeat III 1 can affect FN ®bril elongation in vivo (Chernousov et al., 1987; Darribe Áre et al., 1992) . The effects of FNDIII 1 on ®bril assembly were analyzed by injecting increasing concentrations of protein. Regardless of the FNDIII 1 concentration . Effects of FNDIII 1±7 concentration on matrix assembly. The recFN FNDIII 1±7 was injected at two different concentrations, 0.95 mg/ml (A,C) and 3.8 mg/ml (B,D), and matrix was analyzed 18 h later using either the mAb IC3 for recFN (A,B) or an anti-amphibian FN polyclonal antiserum (C,D). FNDIII 1±7 and endogenous FN formed thin ®brils over the cells with some aggregates of¯uorescence at the lower concentration (A,C). The higher concentration yielded primarily aggregates with very few ®brils detected (B,D). (E) FNDIII 1±7 and FNDIII 1 were injected at varying concentrations, i.e. 0.95 mg/ml (FNDIII 1±7 , FNDIII 1 ), 1.9 mg/ml (£2) and 3.8 mg/ ml (£4), and the number of ®brils was quanti®ed at 4, 6, 18 or 24 h of incubation after injection. Data from three experiments were pooled and are compared to ®bril number after injection of rat pFN. Bar, 5 mm.
injected into the blastocoel, the recFN did not affect assembly and was ef®ciently incorporated into ®brils (Fig. 4E ). This result shows that the III 1 repeat is not directly involved in FN assembly and that FNDIII 1 does not perturb the blastocoel roof matrix.
Chimeric matrices containing mutant recFNs disrupt mesodermal cell behavior
The ability to incorporate recFNs into the blastocoel roof matrix allows us to produce chimeric matrices composed of a combination of native FN and recFNs with de®ciencies in speci®c functions such as cell binding or ®bril formation. We have used this approach to investigate the requirements for the RGD sequence, the synergy site, and FN's ®brillar structure in adhesive behavior of the mesodermal cells that use this matrix for migration during gastrulation. RecFNs were injected into the blastocoel of early blastulae. When embryos reached the early gastrula stage, the blastocoel roof was used to condition a plastic substratum as described in Section 4 (Fig. 7) . Chimeric matrices had the same ®bril structure and organization after transfer as in the blastocoel roof matrix (Fig. 3E,F) . Isolated dorsal mesodermal cells of the embryo were seeded on the various chimeric matrices and their behavior was analyzed. On chimeric matrix containing either rat pFN, FN(A2B2), or FNDIII 1 , cells attached and spread (Fig. 5A) . However, attachment and spreading of cells decreased in a dose-dependent manner on chimeric matrix containing FN(RGD2) with almost complete loss of attachment with matrix formed after injection of FN(RGD2) at 0.9 mg/ml (Fig. 5A) . Thus, even in the presence of native amphibian FN, increasing the proportion of FN lacking the RGD cell-binding sequence causes a signi®cant decrease in the ability of cells to productively interact with the matrix. We also observed reduced adhesion and spreading of cells on a chimeric matrix containing FN(syn2) (0.6 mg/ml) but the decrease was not as pronounced as with FN(RGD2) (0.6 mg/ ml) (Fig. 5A) . When assembled together, FN(RGD2) (0.3 mg/ml) and FN(syn2) (0.3 mg/ml) matrix had little ability to support cell adhesion and spreading. Similarly, attachment of cells on a matrix rich in FNDIII 1±7 was also reduced in a dosedependent manner, although not as dramatically as in the absence of the RGD sequence. Interestingly, at the higher concentration of FNDIII 1±7 , a modest decrease in attachment was observed whereas spreading was dramatically affected (Fig. 5A) . Since we have shown that FNDIII 1±7 forms cellassociated aggregates (Fig. 4B,D) , this result indicates that aggregates of FN are able to promote cell attachment but not cell spreading and suggests that productive cell spreading depends on FN in a ®brillar form.
Marginal zone explants from the dorsal region of embryos will expand a cohesive sheet of cells in vitro. This expansion mimics the in vivo movements of the mesodermal layer. The effects of recFNs on the expansion of explants shows a similar pro®le to the effects on adhesion and spreading of isolated cells (Fig. 6B) . A matrix containing FN(RGD2) showed the Fig. 5 . Cell adhesion, spreading, and migration on chimeric ECM and recFN. (A) Chimeric ECM was transferred from the blastocoel roof onto a plastic tissue culture dish (see Fig. 7 ). Dispersed mesodermal cells (0.4± 0.5 £ 10 3 cells) were seeded on the conditioned surfaces and 90 min after seeding the attachment and spreading were scored by manual counting. For each experiment non-speci®c binding was determined by seeding cells on BSA. We scored a cell as being spread when it assumed a bipolar, triangular or polygonal shape. Standard errors of three experiments are shown. Concentrations of recFNs: rat pFN, 0.9 mg/ml; FN(A2B2), 0.9 mg/ml; FNDIII 1 , 0.9 mg/ml; FN(RGD2), 0.6 and 0.9 mg/ml; FN(syn2), 0.6 mg/ ml; FN(syn2) and FN(RGD2), 0.3 mg/ml each; FNDIII 1±7 , 0.95 and 3.8 mg/ml. (B) Cultures of the DMZ can be used to mimic the mesodermal cell migration observed in vivo. DMZ explants (approximately 0.8 mm in width, 1 mm in length) were dissected in 67% L15 medium (GIBCO) from stage 8a embryos. They were plated face-down on substrata conditioned with chimeric ECM and the expansion of the cell sheet was quanti®ed after a 24 h period (also see Fig. 6 ). The expansion was de®ned by measuring the expansion of the cohesive sheet of cells. Measurements were done directly with an eyepiece reticule or on photographs. Bars indicate the standard error of ®ve independent experiments. DMZ, explant of the dorsal marginal zone. Concentrations of recFNs: rat pFN, 0.9 mg/ml; FN(RGD2), 0.6 and 0.9 mg/ml; FN(syn2), 0.6 mg/ml; FN(syn2) and FN(RGD2), 0.3 mg/ml each; FNDIII 1±7 , 0.95, 1.9 and 3.8 mg/ml. (C) DMZ explants were plated on substrata conditioned with a 10 mg/ml solution of pure recFN, a concentration of FN known to promote the expansion of explants (Shi et al., 1989; Skalski et al., 1998) . Explant expansion was measured after 24 h. Normal levels of migration occurred on both FNDIII 1 and FNDIII 1±7 but FN(RGD2) and FN(syn2) were defective in supporting expansion. most dramatic effect but FN(syn2) and FNDIII 1±7 matrices were also defective in their abilities to support mesodermal explant expansion (Fig. 5B) . On both rat pFN and FNDIII 1 , explants adhered rapidly, became¯attened, and expanded as a cohesive sheet of cells. Within 24 h of culture, cells emerged at the periphery of the cell sheet and migrated along the substrate (Fig. 6A) . On a matrix rich in FNDIII 1± 7 , cells were attached to the matrix but the expansion of the cohesive sheet of mesodermal cells was reduced (Fig. 6B) . We have also observed that on a matrix containing both FN(RGD2) (0.3 mg/ml) and FN(syn2) (0.3 mg/ml), mesodermal cells did not attach nor expand away from the explant as a cohesive sheet resulting in the formation of a spherical cohesive mass of cells above the plane of the substrate (Fig.  6C ). Altogether these results indicate that matrices containing FN(RGD2), FN(syn2) and FNDIII 1±7 are defective in their ability to support explant expansion. This suggests that both the RGD and synergy adhesive sites are required in a majority of FN ®brils for effective mesodermal cell migration in vitro. Interestingly, the results also show that the loss of ®brils as observed with FNDIII 1±7 (Fig. 4B,D) is correlated with less expansion of mesodermal cells (Fig. 6B) , suggesting that a modi®cation of the network architecture regulates mesodermal cell migration.
To determine the requirement for a ®brillar network, the expansion of explants of mesodermal cells was analyzed in adhesion assays on isolated proteins independently of ®bril formation using a concentration known to promote explant growth (Shi et al., 1989; Skalski et al., 1998) . FNDIII 1 , FN(RGD2), FN(syn2) and FNDIII 1±7 were directly coated on plastic dishes and the expansion of explants was analyzed. The explants did not adhere well, spread, or expand on FN(RGD2) and showed signi®cantly reduced expansion on FN(syn2) (Fig. 5C ). In contrast, explants exhibited a normal expansion on FNDIII 1 and FNDIII 1±7 . The absence of an effect by FNDIII 1±7 alone (Fig. 5C ) in comparison with cell behavior on a chimeric blastocoel roof matrix containing FNDIII 1±7 (Fig. 5A,B) demonstrates that the matrix architecture is crucial for proper migration of mesodermal cell explants. Perturbation of this network as observed with matrix incorporation of FNDIII 1±7 severely compromises cell interactions with the blastocoel roof matrix.
Gastrulation defects result from perturbations of the blastocoel roof matrix
The lack of explant expansion on certain chimeric matrices suggests that the cell-binding potential and ®brillar organization of FN in the matrix may have a signi®cant impact during gastrulation. To test this idea, the in vivo effects were analyzed by injecting recFN into embryos at early blastula stage and following subsequent developmental events. Interestingly, gastrulation was inhibited in embryos with FN matrix containing FN(RGD2) (Fig.  6D ), FNDIII 1±7 (Fig. 6E) or FN(syn2), but not with FNDIII 1 or a non-speci®c protein (BSA). Dissections at the initiation of gastrulation, through the dorsal region of the FNDIII 1±7 injected embryos, revealed that deep mesodermal cells were attached to the matrix but remained spherical, and did not spread (Fig. 6G) . Conversely, they attached and spread in the presence of FNDIII 1 (Fig. 6H) . Dissections of embryos that failed to proceed through gastrulation showed that mesodermal cell patterning was affected by FN(RGD2), FN(syn2), and FNDIII 1±7 . In each case, no migrating mesodermal cells were detected on the blastocoel roof, while control embryos and embryos injected with FNDIII 1 exhibited a layer of mesoderm migrating over the blastocoel roof (data not shown). These observations suggest that mesoderm cells can interact with chimeric matrix rich in any of Fig. 7 . In vitro adhesion and migration assays. Substrata for cell attachment, spreading and migration assays were conditioned with native or chimeric extracellular matrix derived from embryos (ECM). Embryos were injected at the early blastula stage (stage 5). At early gastrula stage (stage 8a), explants of the blastocoel roof were placed face-down and covered with a coverslip fragment. After 1 h, explants were removed with CMF medium, leaving the ECM coated on the dish. For attachment and spreading assays, cells from dorsal marginal zone (DMZ) explants were dissected as indicated. Cells were dispersed by EDTA treatment and seeded on the matrices. Unattached, attached or spreading cells were counted. For expansion assays, explants (1 mm in length, 0.8 mm in width) of the DMZ were dissected from early gastrulae (stage 8a) and placed face-down on the chimeric matrix. After 24 h in culture, the movement of cells from the explants was analyzed.
these mutant recFNs, but the cells fail to migrate on it. Therefore, the cell-binding sites and ®bril structure of FN are important not only for proper formation of the FN matrix but also for subsequent cell interactions with the assembled network.
The relative effects of different recFNs on blastocoel roof matrix function during gastrulation were determined by analyzing injected embryos at the early neurula equivalent stage. Three phenotypes were observed: normal gastrulation, delayed gastrulation, and no gastrulation. The proportions of embryos with these phenotypes after injection of recFNs are shown in Table 1 . FN(RGD2), FN(syn2), and FNDIII 1±7 all showed dose-dependent defects in gastrulation. At lower concentrations of FN(RGD2) and FN(syn2), embryos showed a small circular yolk plug and gastrulation was delayed. At higher concentrations of these two proteins, most of the embryos were unable to gastrulate. The animal hemispheres had slight convolutions and a circular blastopore formed which failed to close (compare Fig. 6D±F ). Similar defects were observed in embryos injected with FNDIII 1±7 , but higher protein concentrations were required. Injection of FNDIII 1 or BSA at two concentrations had no effect on embryo development. The long-term effects of recFN injections were followed up to the tailbud stage equivalent. Neurulation did not occur and development failed for those embryos that did not gastrulate. In embryos in which gastrulation was delayed, the fusion of the neural folds was often retarded relative to controls. While these embryos possessed a complete anterior axis, the tail was smaller than normal possibly due to the delay in blastopore closure. Thus, early perturbations of the blastocoel FN matrix either through changes in the availability of cell-binding sites or modi®cation of the ®brillar network cause signi®cant de®ciencies in later developmental processes.
Discussion
The FN extracellular matrix in Pleurodeles waltl embryos can be manipulated by injections of matrix proteins, peptides, or antibodies into the blastocoel (Boucaut et al., 1984; Darribe Áre et al., 1990) . We have used this powerful approach to determine the contributions of FN domains in matrix assembly and function in vivo. Our results show that recFNs lacking the RGD or synergy cell-binding sites ef®-ciently co-assembled with endogenous FN into the blastocoel roof matrix and did not disrupt matrix architecture. FNDIII 1±7 was also incorporated along with endogenous FN but caused a change in matrix structure with formation of cell-associated protein aggregates at increasing recFN concentrations. Chimeric matrices formed with these recFNs were defective in mesodermal cell adhesion, spreading, and migration when assayed in vitro. More signi®-cantly, these chimeric matrices inhibited gastrulation and were incompatible with normal development. These results show the importance of FN matrix composition and ®bril structure in regulating mesodermal cell migration and promoting early developmental processes.
Native amphibian FN is present in the blastocoel roof matrix of embryos injected with recFNs. Therefore, it was surprising that the presence of exogenous FN(RGD2) in the matrix could quench the ability of endogenous FN containing a functional RGD cell-binding sequence to support cell adhesion and migration. The effect was dose-dependent a Various concentrations of recFNs were injected into the blastocoel (stage 5 embryos). Embryos were allowed to develop until controls began neurulation (stage 14). Embryos were examined from three independent experiments containing 10 embryos each. Embryos showed three phenotypes: normal gastrulation; no gastrulation with slight convolution of the animal hemisphere, equatorial and circular blastopore (see Fig. 7D ,E); and delayed gastrulation showing a small circular yolk plug.
suggesting that the number, the density, and/or the accessibility of the RGD sites in the matrix are crucial for productive mesodermal cell interactions. The ®nding that the synergy site, which cooperates with the RGD sequence for full cell adhesion (Aota et al., 1994) , was also needed for normal mesodermal cell migration indicates that the strength of cell binding to individual FNs in the matrix contributes to the cell response. Thus, multiple interactions within the cell-binding domain are essential for maximal migration on the ®brillar matrix of the blastocoel roof. While mesodermal cell attachment, spreading and migration are affected in culture and in vivo, injected embryos were able to show growth of the blastopore. This suggests that initiation of blastopore formation is independent of mesodermal cell migration on the blastocoel roof. Conversely, the absence of blastopore closure in injected embryos suggests that this event may require mesodermal cell migration.
Incorporation of mutant recFNs along with endogenous amphibian FN apparently follows a very similar pathway to assembly in cell culture (Sechler et al., 1996) using a combination of integrin±FN and FN±FN interactions to form a ®brillar network (Schwarzbauer and Sechler, 1999) . In both systems, FNDIII 1 forms a matrix that is indistinguishable from native FN (Sechler et al., 1998) . FN(RGD2) and FN(syn2) are defective in their abilities to assemble signi®cant amounts of matrix de novo, but both are capable of ef®cient co-assembly with native FN (Schwarzbauer, 1991; Sechler et al., 1996 Sechler et al., , 1997 . In cell culture, FNDIII 1±7 forms a ®brillar matrix similar to native FN but assembly follows a different temporal program (Sechler et al., 1996) . In vivo, FNDIII 1±7 was de®cient in ®bril formation over the time course of the incubations. Increasing amounts of FNDIII 1±7 resulted in a decrease in ®bril accumulation concomitant with increased aggregation at the cell surface. Instead of ®brils, this recFN was initially assembled into protein aggregates containing both the recFN and endogenous amphibian FN at the cell periphery in areas of cell±cell contacts. Similar aggregation of FNDIII 1±7 was observed during the early stages of assembly in cell culture where this recFN rapidly forms detergentinsoluble FN complexes in an RGD-dependent polymerization reaction (Sechler et al., 1996) . Repeats III 1±7 appear to regulate the progression of assembly such that in their absence FN±FN interactions at the cell surface occur too rapidly inducing aggregate formation. In cell culture systems, these aggregates are subsequently remodeled into ®brils. However, over the time course of incubation after injection into the blastocoel, this recFN can initiate assembly and form aggregates but there is insuf®cient time for remodeling. Thus, at high enough concentrations, ®bril formation is blocked.
In vitro, FNDIII 1±7 -rich chimeric ECM was inef®cient in supporting both spreading of isolated cells and expansion of a monolayer of mesodermal cells. In contrast, normal levels of expansion were observed on surfaces coated with pure FNDIII 1±7 . There appears to be a signi®cant role for the ®brillar organization of FN in guiding mesodermal cell movements and the aggregation induced by incorporation of FNDIII 1±7 disrupts these cues. One possibility is that in the absence of matrix ®brils, the elongation of mesodermal cell ®lopodia and lamellipodia cannot occur ef®ciently. Defects in process extension may prevent proper cell spreading and reduce cell migration, suggesting that the ®brillar structure of the matrix may provide directional cues to mesodermal cells. This idea correlates with the dependence of Pleurodeles gastrulation on cell migration. It also correlates with abnormal ontogeny of ®brillar matrices in mutant (Darribe Áre et al., 1991) , in nucleocytoplasmic hybrid (Delarue et al., 1985) , and in interspeci®c hybrid frog embryos which are de®-cient in morphogenetic cell movements. Finally, this idea correlates with results obtained in Xenopus laevis embryos showing that activin and FGF treatment of the blastocoel roof modi®ed FN ®bril formation which in turn affected mesodermal cell guidance and migration (Nagel and Winklbauer, 1999) . Pleurodeles gastrulation can be arrested by inhibiting FN matrix function with antibodies, RGD peptides, or the FN-binding ECM protein tenascin (Boucaut et al., 1984; Darribe Áre et al., 1988 Darribe Áre et al., , 1990 Riou et al., 1990) . These treatments block mesodermal cell interaction with FN ®brils and consequently cell migration on the blastocoel roof. Our results show that the FN ®brils themselves contribute to cell movements during early development. FN(RGD2) and FN(syn2) change the composition of the matrix while FNDIII 1±7 affects the progression of ®bril assembly resulting in a distinct structural organization. That the incorporation of these proteins modulates cell activities in vivo provides striking evidence that speci®c defects in FN ®bril assembly, matrix structure and composition can have lethal implications.
Experimental procedures
Embryos, cells and tissue fragments
Embryos of the urodele amphibian Pleurodeles waltl were collected from natural matings, manually dejellied and maintained at 188C in 10% modi®ed Barth solution (MBS) (Barth and Barth, 1959) . To obtain embryonic cells and tissue fragments, embryos were collected when they reached the early gastrula stage (stage 8) and the vitelline membrane was removed manually. Explants of the dorsal marginal zone were separated by dissection with platinum needles, as shown in Fig. 7A . The tissue fragments were incubated in Ca 21 , Mg 21 -free MBS with 2 mM EDTA. Cells were dispersed by gentle rocking of the explants for 30 min. Finally, isolated cells were washed and incubated in 67% Leibovitz medium (L15, GIBCO) at 208C before seeding on extracellular matrix as described below. To obtain the explants for migration assays, the dorsal marginal zone (DMZ) (approximately 0.8 mm in width, 1 mm in length) was dissected in 67% L15 medium (GIBCO) as described previously (Shi et al., 1989 ) and in Fig. 7 . Explants were washed in 67% Leibovitz medium before seeding on extracellular matrix. The migration of cells was observed after a 24 h period. The extent of migration was de®ned by measuring the length between the dorsal lip and the margin of the cohesive sheet of cells.
Native FN and RecFN production
Native rat plasma FN (pFN) was isolated from freshly drawn blood. RecFNs were expressed using the baculovirus insect cell expression system as previously described (Sechler et al., 1996) . Both pFN and recFNs were isolated by gelatin±Sepharose chromatography and stored at 2808C in CAPS buffer (10 mM cyclohexylaminopropanesulfonic acid (pH 11), 150 mM NaCl). Construction of cDNAs encoding each of the recFNs used in this study has been previously described. FN(A2B2) is equivalent to pFN except both subunits contain the V region. FN(RGD2) has a small deletion of the RGDS sequence in repeat III 10 and FNDIII 1±7 has a deletion spanning repeats III 1±7 (Schwarzbauer, 1991; Sechler et al., 1996) . FN(syn2) carries a GSD mutation of the PSR sequence in the synergy site in repeat III 9 (Sechler et al., 1997) . FNDIII 1 has a complete deletion of the sequence from the two exons that encode repeat III 1 (Sechler et al., 1998) . For microinjection, proteins were diluted into 10% MBS. For dose±response experiments, recFNs were concentrated twice and four times using centricon concentrators (Amicon, Inc.). CAPS buffer was also diluted and injected as a control.
Injections of FN and recFN
Embryos with a diameter from 1.2 to 1.4 mm were collected when they reached the early blastula stage (stage 5). For injections, 200 nl of the blastocoel¯uid was removed to prevent any overpressure during injection. Thereafter, 200 nl of a 0.3±3.8 mg/ml solution of recFNs in 10% MBS was injected (®nal amount per embryo: 60±760 ng). Bovine serum albumin (BSA, Sigma, 3 mg/ml) was injected as a control protein. All solutions were subjected to low speed centrifugation before injection (1000 £ g for 10 min) to sediment insoluble material. After injections embryos were incubated for 4, 6, 18 and 24 h in 10% MBS at 188C. At each time, embryos were dissected in MBS into animal (blastocoel roof, AP) and vegetal halves (VP). After careful washes, recFNs and endogenous FN were examined in animal halves by indirect immuno¯uor-escence.
Immuno¯uorescence and quantitation of FN assembly
For whole mount observations, the roof of the blastocoel was dissected after removal of the vitelline membrane. They were ®xed in 3.7% formaldehyde and treated for immunodetection of FN using a rat-speci®c monoclonal antibody IC3 (Sechler et al., 1996) , a rabbit polyclonal antibody directed against amphibian FN (Boucaut and Darribe Áre, 1983) and FITC-conjugated secondary antibody. FN ®bril formation was quanti®ed as follows. For each time point, FN ®brils were counted with an eyepiece reticule or on photographs in a predetermined area corresponding to ®ve adjacent cells at stage 7. We scored a ®bril when the¯uor-escence assumed a linear shape excluding¯uorescent dots or aggregates. Data from three experiments were pooled. Double immuno¯uorescence experiments were performed with IC3 monoclonal antibody, anti-amphibian FN polyclonal antiserum, and Texas Red-conjugated anti-mouse IgG or FITC-conjugated anti-rabbit secondary antibodies as appropriate.
Attachment, spreading and migration assays
Substrata for cell attachment, spreading and migration assays were prepared on plastic tissue culture dishes (Corning, 60 £ 15 mm, ± 25 010). Substrata were conditioned with either soluble recFNs or native and chimeric extracellular matrix derived from embryos (ECM). Soluble recFNs at 10 mg/ml were adsorbed on Petri dishes for 1 h and then washed with 10% MBS, and saturated with bovine serum albumin (BSA, 0.5%, 1 h). To prepare native and chimeric ECM substrata, explants of the blastocoel roof from injected or uninjected late blastula stage embryos (stage 7) were placed face-down and covered with a coverslip fragment (Fig. 7) . After 1 h, explants were removed with Ca 21 , Mg 21 -free MBS with 2 mM EDTA, leaving the extracellular matrix coated on the dish. Each substrate was then washed with 10% MBS, and saturated with bovine serum albumin (BSA, 0.5%, 1 h).
Dispersed embryonic cells were seeded on conditioned substrata and counted. Ninety minutes after seeding unbound cells were washed away by careful rinse of the dishes. The unbound cells were then scored by counting manually. The percentage of adherent cells was expressed as: attachment (% cell) number of bound cells £ 100/ number of seeded cells. For each experiment non-speci®c binding was determined by seeding cells on BSA. Cell spreading was measured by direct observation 90 min after seeding. We scored a cell as being spread when it assumed a bipolar, triangular or polygonal shape as described in Darribe Áre et al. (1988) .
The DMZ tissues were placed face-down on the conditioned area of the plastic tissue culture dishes and covered with a coverslip fragment. They were cultured in 67% L15 supplemented with gentamycin (25 mg/ml). The migration of the cohesive sheet of cells, which stems from the DMZ explant, was observed during a 24 h period. The expansion was de®ned by measuring the length between the dorsal lip and the margin of the cohesive sheet of cells. Isolated cells which were not part of the cohesive sheet of the mesodermal layer were not included in the measurements. The measurements were done directly with an eyepiece reticule or on photographs.
